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ABSTRACT 

To meet f u t u r e  o r b i t  determinat ion accuracy requirements f o r  d i f f e r e n t  
Nat iona l  Aeronaut ics and Space Admin is t ra t ion  (NASA) p r o j e c t s ,  analyses 
are  performed us ing  Tracking and Data Relay S a t e l l i t e  S y s t e m  (TDRSS) 
t r a c k i n g  measurements and o r b i t  determinat ion improvements i n  areas 
such as the  modeling o f  the  Ear th ' s  g r a v i t a t i o n a l  f i e l d .  Current  
opera t iona l  requirements a re  s a t i s f i e d  us ing  the  Goddard Ear th Model-9 
(GEM-9) geopoten t ia l  model w i t h  the harmonic expansion t runcated  a t  
o rder  and degree 21 (21-by-21). This study evaluates the performance 
o f  36-by-36 geopoten t ia l  models, such as the GEM-1OB and Pre l im ina ry  
Goddard Solution-3117 (PGS-3117) models. 

The Ear th Rad ia t ion  Budget S a t e l l i t e  (ERBS) and Landsat-5 a re  the space- 
c r a f t  considered i n  t h i s  study. S e r i e s  o f  o r b i t  de termina t ion  so lu t i ons  
are  generated f o r  34-hour arcs w i t h  10-hour over laps us ing  the  batch 
weighted-least-squares method. O r b i t  determinat ion consis tency i s  eva l -  
uated by comparing ephemerides dur ing  the  10-hour over lap  per iods .  
s e n s i t i v i t y  o f  t he  so lu t i ons  t o  v a r i a t i o n s  i n  the  t r a c k i n g  data d i s t r i b -  
u t i o n  i s  a l s o  considered. The p r i n c i p a l  source of  t r a c k i n g  data i s  
TDRSS, bu t  Ground Space f l i gh t  Track ing and Data Network (GSTDN) data are 
a1 so considered. 

The 

The o r b i t  cons is tenc ies  are  improved, r e l a t i v e  t o  GEM-9 (21-by-21) r e -  
s u l t s ,  by an average o f  7 m e t e r s  ou t  o f  34 m e t e r s  f o r  ERBS and 7 m e t e r s  
ou t  o f  56 m e t e r s  f o r  Landsat-5. The d e t a i l e d  r e s u l t s  and conclusions 
o f  the  comparative eva lua t ion  o f  the  e f f e c t s  o f  geopoten t ia l  models on 
the accuracy o f  o r b i t  determinat ion r e s u l t s  are presented. 

*This work was supported by the  Nat ional  Aeronaut ics and Space Admin is ta t ion  
(NASA)/Goddard Space F l i g h t  Center (GSFC), Greenbelt, Maryland, Contract  
NAS 5-31500. 
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1. INTRODUCTION 

The T r a c k i n g  and Data Relay S a t e l l i t e  S y s t e m  (TDRSS) has been p r o v i d i n g  rou- 

t i n e  o p e r a t i o n a l  t r a c k i n g  suppor t  t o  TDRSS user  s a t e l l i t e s  w i t h  a s i n g l e  
r e 1  ay s p a c e c r a f t ,  T r a c k i  ng and Data Re1 ay Sate1 1 i te-East  (TDRS-E) , f o r  
a p p r o x i m a t e l y  4 yea rs .  
r e l a y  s a t e l l i t e s  and one i n - o r b i t  spare. The o p e r a t i o n a l  s a t e l l i t e s  w i l l  be 
l o c a t e d  a t  41 degrees w e s t  l o n g i t u d e  and 171 degrees w e s t  l o n g i t u d e  and w i l l  

communicate w i t h  t h e  Whi te  Sands Ground Terminal  (WSGT) a t  Whi te  Sands, New 
Mexico. Se lec ted  TDRSS users r e c e i v e  some t r a c k i n g  suppor t  f r o m  t h e  Ground 
S p a c e f l i g h t  T r a c k i n g  and Data Network (GSTDN). 
m a t e l y  15-percent v i  s i  b i  1 i t y  coverage, TDRSS can p r o v i d e  85-percent t o  
100-percent v i s i b i l i t y  coverage. 

The completed TDRSS w i  11 compri s e  two o p e r a t i o n a l  

Whi le  GSTDN p r o v i d e s  a p p r o x i -  

The B i l a t e r a t i o n  Ranging Transponder S y s t e m  (BRTS) i s  used t o  p r o v i d e  t r a c k -  
i n g  measurements f o r  t h e  r e l a y  spacec ra f t .  BRTS i s  a system o f  f o u r  ground- 
based unmanned f a c i l i t i e s  t h a t  c o n t a i n  t ransponders s i m i l a r  t o  those  f l o w n  
on use r  s p a c e c r a f t .  The p o s i t i o n s  o f  t h e  BRTS t ransponders a r e  known so t h a t  
r a n g i n g  i n f o r m a t i o n  can be used t o  determine t h e  o r b i t s  o f  t h e  TDRSs. The 
BRTS f a c i l i t i e s  a r e  l o c a t e d  a t  WSGT; Ascension I s l a n d ;  American Samoa; and 
A l i c e  Spr ings ,  A u s t r a l i a .  TDRS-E and TDRS-Spare (TDRS-S) w i l l  be suppor ted 
b y  t h e  BRTS t ransponders a t  WSGT and Ascension I s l a n d ,  w h i l e  TDRS-West 

(TDRS-W) w i l l  be suppor ted by  t h e  BRTS t ransponders a t  A l i c e  Spr ings ,  

American Samoa, and WSGT. 

Whi 1 e o r b i t  d e t e r m i n a t i o n  requi rements f o r  c u r r e n t l y  o p e r a t i o n a l  s p a c e c r a f t  

m iss ions  a r e  s a t i s f i e d  by  t h e  o r b i t  d e t e r m i n a t i o n  methods c u r r e n t l y  i n  p l a c e ,  

mee t ing  t h e  more s t r i n g e n t  d e f i n i t i v e  and p r e d i c t i v e  accuracy requi rements 
f o r  f u t u r e  m iss ions  r e q u i r e s  an ongoing e f f o r t  t o  improve o r b i t  d e t e r m i n a t i o n  
methods i n  such areas as f o r c e  model ing,  geophysica l  model ing,  o b s e r v a t i o n  
model ing,  o b s e r v a t i o n  c o r r e c t i o n ,  e s t i m a t i o n  methods, o r b i t  p ropaga t ion ,  and 

numer ica l  methods. The g r a v i t a t i o n a l  f o r c e s  o f  t h e  nonspher i ca l  E a r t h  a r e  

t h e  l a r g e s t  f o r c e s  pe i - tu rb ing  t h e  orb1 t s  o f  low Earth-orb1 t i n g  s p a c e c r a f t .  
Cont inued improvement i n  t h e  model ing o f  t h e  g r a v i t a t i o n a l  g e o p o t e n t i a l  i s  
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c r u c i a l  t o  f u t u r e  improvements i n  o r b i t  determinat ion accuracy. This paper 
r e p o r t s  on eva lua t ions  o f  the  ef fect iveness o f  c e r t a i n  improved geopoten t ia l  
model s when app l i ed  t o  o r b i t  determinat ion i n  an opera t iona l  envi ronment. 

The geopoten t ia l  models used are  suppl ied by the  Geodynamics Branch a t  the 
Goddard Space F l i g h t  Center (GSFC). The Goddard Ear th  Model-9 (GEM-9) 

(Reference 1)  i s  a pre-Laser Dynamics S a t e l l i t e  (LAGEOS) model determined 
s o l e l y  f rom observat ions o f  o r b i  t i  ng spacecraf t  and conta i  n i  ng harmoni c e x -  
pansion t e r m s  up t o  the  30th degree and order .  The geopoten t ia l  model used 
a t  GSFC's  F l i g h t  Dynamics F a c i l i t y  (FDF) f o r  r o u t i n e  opera t iona l  o r b i t  de ter -  
m ina t ion  o f  low Ear th -o rb i t i ng  spacecraf t  i s  the  t r u n c a t i o n  o f  GEM-9 a t  2 1 s t  

o rder  and degree, r e f e r r e d  t o  as GEM-9 (21  x 2 1 ) .  For TDRS o r b i t  determi-  
na t ion ,  the  GEM-9 ( 8  x 8) model i s  used, s ince the  higher-degree t e r m s  have 
been found t o  have a n e g l i g i b l e  e f f e c t  f o r  geosynchronous o r b i t s .  

GEM-1OB model (Reference 2)  i s  a 36-by-36 model based on spacecraf t  observa- 
t i o n s  and sur face grav imetry .  The GEM-L2A model i s  a m o d i f i c a t i o n  o f  the 

GEM-L2 model (Reference 31, a 30-by-30 "sate1 11 t e  on l y "  model which, because 

o f  i t s  extens ive use o f  data from the LAGEOS spacecraf t ,  i s  considered t o  be 
very accurate a t  long  wavelengths. The GEM-L2A (8  x 8) model has been used 

f o r  some o f  the  TDRS-E o r b i t  so lu t i ons  i n  the s tud ies  repor ted  i n  t h i s  paper. 
The Pre l im ina ry  Goddard Solution-3117 (PGS-3117) model i s  a p r e l i m i n a r y  v e r -  
s i on  o f  t he  model t h a t  has been publ ished as GEM-TI (Reference 4 ) .  GEM-TI 

i s  a 36-by-36 " s a t e l l i t e  on l y "  model developed i n  support  o f  the  upcoming 
Topography Experiment (TOPEX) mission. 

The 

Sect ion 2 o f  t h i s  paper descr ibes the  o r b i t  de termina t ion  methods u t i l i z e d  

and the methods o f  eva lua t i ng  geopoten t ia ls  us ing  o r b i t  de termina t ion  r e -  
s u l t s .  Sect ion 3 discusses the  r e s u l t s  o f  the  o r b i t  de termina t ion  s tud ies ,  

and Sect ion 4 presents  the  conclusions. 
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2 .  METHODS OF ORBIT  DETERMINATION AND GEOPOTENTIAL MODEL EVALUATION 

The methods o f  o r b i t  de termina t ion  and geopoten t ia l  model eva lua t i on  used i n  
t h i s  s tudy are  descr ibed i n  Sect ions 2 .1  and 2.2, respec t i ve l y .  

2.1 ORBIT DETERMINATION METHODOLOGY 

The o r b i t  de termina t ion  methods used i n  t h i s  study are  b a s i c a l l y  those used 
f o r  opera t iona l  o r b i t  de termina t ion  a t  GSFC. The batch weighted- least-  
squares a lgo r i t hm imp1 emented i n  the  Goddard T r a j e c t o r y  Determinat ion S y s t e m  
(GTDS) (Reference 5) solves f o r  the s e t  o f  o r b i t a l  elements and o the r  param- 
e t e r s  t h a t  minimizes the  d i f f e r e n c e  between observed and ca l cu la ted  values 
o f  se lec ted  t r a c k i n g  data over a s o l u t i o n  arc .  Estimated parameters i nc lude  

the  spacecraf t  s t a t e  a t  epoch and, o p t i o n a l l y ,  one o r  more f r e e  parameters 
o f  t he  f o r c e  model and/or the  observat ion model. I n  GTDS, severa l  d i f f e r e n t  
f o r c e  models, as w e l l  as a s e l e c t i o n  o f  o r b i t  propagators,  numerical  i n teg ra -  
t o r s ,  observa t ion  c o r r e c t i o n  models, and dynamic observa t ion  e d i t i n g  op t ions  
a re  a v a i l a b l e .  The general op t ions  used f o r  t he  s tud ies  descr ibed i n  t h i s  
paper a re  summarized i n  Table 1 .  

The f i r s t  s tep i n  o r b i t  determinat ion w i t h  GTDS i s  use o f  the  D i f f e r e n t i a l  
Cor rec t i on  (DC) Program t o  f i n d  the s o l u t i o n  parameters a t  a designated epoch 
t h a t  bes t  f i t  the  t r a c k i n g  measurements us ing  the  batch weighted-least-squares 
method. The Ephemeris Generation (EPHEM) Program regenerates the  ephemerides 
from the  epoch s o l u t i o n .  I n  t h i s  study, ana lys i s  i s  performed o n l y  w i t h  def-  
i n i t i v e  ephemerides t h a t  a re  generated over the  t r a c k i n g  data span. 

To evaluate the  o r b i t  determi n a t i o n  cons! stency achi  evabl e w i  t h  a p a r t i c u l a r  

choice o f  op t i ons ,  a s e r i e s  o f  seven o r  e i g h t  d a i l y  34-hour so lu t i ons  i s  per- 
formed w i t h  10-hour over laps between successive arcs.  The Ephemeris Compari- 

son (COMPARE) Program i s  used t o  determine the  maximum p o s i t i o n  d i f f e rences  
between the  d e f i n i t i v e  ephemerides f o r  successive so lu t i ons  i n  the 10-hour 

over lap  t i m e  per iod.  These s i x  o r  seven over lap  comparisons are  a measure 

o f  the  o r b i t  de termina t ion  consistency. 
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Table 1 .  Parameters and Options f o r  U s e r  and Relay 
Spacecraf t  O r b i t  Determinat ion 

PARAMETER OR OPTION 

INTEGRATION TYPE 

COORDINATE SYSTEM OF INTEGRATION 

INTEGRATION STEP SIZE (SECONDS) 

GEOPOTENTIAL MODELS 

ATMOSPHERIC DENSITY MODEL 

SOLAR AND LUNAR EPHEMERIDES 

SOLAR REFLECTIVITY COEFFICIENT (CR) 

COEFFICIENT OF DRAG ( C d  

ESTIMATED PARAMETERS 

DIFFERENTIAL CORRECTION (DC) 
CONVERGENCE PARAMETER 

DC EDITING 
IONOSPHERIC REFRACTION CORRECTION 

TROPOSPHERIC REFRACTION CORRECTION 

ANTENNA MOUNT CORRECTION 

TRACKING DATA 

1 

~~ ~~ ~ ~ 

VALUE OF PARAMETER OR OPTION CHOSEN 

USER 

FIXED-STEP COWELL 

MEAN OF 1950.0 

60.0 

GEM-9 (21 x 21) 
GEM-106 (36 x 36) 
PGS-3117 (36 X 36) 

HARRIS-PRIESTER (F - 75) 

~ ~ - 1 1 8 ~  

1.2 

2.2 

STATE, DRAG SCALING 
PARAMETER (PI) 
0.005 

3 0  

YES (BENT MODEL) 

YES 

No 

TDRSS OR TDRSS + GSTDN 

TDRS 

FIXED-STEP COWELL 

MEAN OF 1950.0 

600.0 

GEM-9 (8 x 8) 
GEM-L2A (8 x 8) 

N/A 

~ ~ - 1 1 8 ~  

ESTIMATED 

N/A 

STATE, SOLAR REFLECTIVITY 
COEFFICIENT (C,) 

0.005 

30 
YES (BENT MODEL) 

YES 

No 
BRTS 

a DE-1 18 INDICATES JET PROPULSION LABORATORY (JPL) DEVELOPMENT EPHEMERIS 118. 

When more than one s e t  o f  o r b i t  determinat ion op t ions  i s  under study, the 
e n t i r e  s e r i e s  i s  repeated w i t h  each o f  the d i f f e r e n t  s e t s  o f  op t i ons .  I n  
a d d i t i o n ,  the  COMPARE Program may be used t o  ob ta in  the  maximum p o s i t i o n  
d i f f e r e n c e  between corresponding ephemerides from d i f f e r e n t  s e r i e s .  

p a r a l l e l  comparisons measure the  t o t a l  e f f e c t  o f  the  d i f f e r e n c e  between two 

s e t s  o f  op t ions  on the  t r a j e c t o r i e s  determined i n  two s e r i e s  o f  so lu t i ons .  

These 

The d e t a i l e d  r e s u l t s  presented i n  t h i s  paper are from s tud ies  i n  which TDRS 

o r b i t s ,  predetermined us ing  o n l y  BRTS data, w e r e  i n p u t  and remained f i x e d  

du r ing  the  u s e r  spacecra f t  s o l u t i o n  process. An a l t e r n a t i v e  mode o f  o r b i t  
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d e t e r m i n a t i o n  would s o l v e  f o r  b o t h  user  and r e l a y  s p a c e c r a f t  v a r i a b l e s  s imu l -  

t aneous ly ,  a l l o w i n g  t h e  TDRSS t r a c k i n g  o b s e r v a t i o n s  o f  t h e  u s e r  t o  d i r e c t l y  
i n f l u e n c e  b o t h  o r b i t s .  

b e n e f i t s  when o n l y  a s i n g l e  user  s p a c e c r a f t  i s  under s tudy,  i n  t h e  c u r r e n t  
o p e r a t i o n a l  environment,  more accu ra te  TDRS o r b i t s  a r e  o b t a i n e d  i n  i s o l a t i o n  
f rom t h e  g r e a t e r  u n c e r t a i n t i e s  o f  t h e  o r b i t  d e t e r m i n a t i o n  o f  l ow  Ear th -  
o r b i t i n g  use rs .  Some o f  t h e  g e o p o t e n t i a l  model ing s t u d i e s  r e p o r t e d  i n  t h i s  
paper have been repeated i n  t h e  s imultaneous o r b i t  d e t e r m i n a t i o n  nfode, w i t h  
r e s u l t s  t h a t  a r e  e s s e n t i a l l y  t h e  same as f a r  as g e o p o t e n t i a l  model e v a l u a t i o n  
i s  concerned (References 6 and 7 ) .  

Whi le  t h e  l a t t e r  mode o f f e r s  c e r t a i n  o p e r a t i o n a l  

2.2 GEOPOTENTIAL MODEL EVALUATION METHODOLOGY 

The g r a v i t a t i o n a l  f i e l d  o f  t h e  nonspher i ca l  E a r t h  i s  modeled i n  GTDS u s i n g  
t h e  s tandard  expansion i n  s p h e r i c a l  harmonic f u n c t i o n s  (Reference 51, t r u n -  
ca ted  a t  a f i x e d  maximum degree and o r d e r .  
correspond t o  d i f f e r e n t  va lues o f  t h e  harmonic expansion c o e f f i c i e n t s .  The 
s tandard  o p e r a t i o n a l  v e r s i o n  of  GTDS i s  o n l y  capable o f  i n c l u d i n g  21 degrees 
and o r d e r s .  A s p e c i a l  v e r s i o n  o f  GTDS, c a l l e d  GATFITR,  which can u t i l i z e  up 
t o  36 degrees and o r d e r s ,  was used f o r  t h i s  s tudy.  GATFITR enables t h e  use 
o f  t h e  GEM-lOB,  PGS-3117, and GEM-T1 g r a v i t a t i o n a l  models. 

D i f f e r e n t  g e o p o t e n t i a l  models 

Wi th t h e  TDRS o r b i t  predetermined, i t  i s  p o s s i b l e  t o  use a d i f f e r e n t  geo- 
p o t e n t i a l  model f o r  use r  o r b i t  d e t e r m i n a t i o n .  T h i s  i s  a l s o  p o s s i b l e  w i t h  

GATFITR i n  t h e  s imul taneous o r b i t  d e t e r m i n a t i o n  mode. U s e r  o r b i t  de te rm i -  
n a t i o n  s t u d i e s  o f  t h e  36-by-36 models w e r e  sometimes repea ted  w i t h  two 

v e r s i o n s  o f  t h e  pregenerated TDRS-E o r b i t s ;  one s e t  o f  TDRS-E o r b i t s  was 
generated w i t h  GEM-9 (8 x 8) and ano the r  was generated w i t h  GEM-L2A (8 x 8 ) .  

I t  was found t h a t  t h e  g e o p o t e n t i a l  used f o r  TDRS o r b i t  d e t e r m i n a t i o n  d i d  n o t  

s i g n i f i c a n t l y  a f f e c t  t h e  e v a l u a t i o n  o f  t h e  user  g e o p o t e n t i a l .  A l l  s t u d i e s  
i n  which GEM-9 (21 x 21) was employed f o r  t h e  user  spacec ra f t  used TDRS-E 

o r b i t s  co r respond ing  t o  GEM-9 (8 x 8). 
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For some o f  t he  t i m e  per iods s tud ied,  o r b i t  de termina t ion  was performed us ing  

o n l y  TDRSS t r a c k i n g  data,  w h i l e  f o r  o ther  t i m e  per iods  bo th  TDRSS and GSTDN 

data w e r e  used. The former case i s  c h a r a c t e r i s t i c  o f  opera t iona l  o r b i t  de- 

te rm ina t ion  i n  the  near fu tu re ,  wh i l e  the l a t t e r  i s  c h a r a c t e r i s t i c  o f  the 

present .  

For one o f  t he  Ear th Rad ia t ion  Budget S a t e l l i t e  (ERBS) eva lua t i on  per iods ,  

h igh  TDRSS t r a c k i n g  coverage permi t ted  good q u a l i t y  o r b i t  de termina t ion  w i t h  
subsets o f  t he  a v a i l a b l e  data.  I n  t h i s  case, the  s e r i e s  o f  so lu t i ons  was 
repeated w i t h  two d i f f e r e n t  t r a c k i n g  data d i s t r i b u t i o n  subsets i n  a d d i t i o n  
t o  the  f u l l  da ta  complement. P a r a l l e l  cons is tency o f  so lu t i ons  generated 
f o r  corresponding arcs f o r  the d i f f e r e n t  data d i s t r i b u t i o n s  was evaluated. 
High consis tency of t h i s  type, as w e l l  as over lap  consistency, i s  des i rab le  

f o r  an e f f e c t i v e  geopoten t ia l  model f o r  opera t iona l  o r b i t  determinat ion.  For 
a g iven arc ,  the  b e t t e r  the  o v e r a l l  modeling, the l e s s  t he  s o l u t i o n  should 

depend on the  p a r t i c u l a r  data used f o r  o r b i t  determinat ion.  

A s  a general  r u l e ,  weighted root-mean-square (RMS) res idua ls  and s i m i  l a r  
measures o f  goodness of f i t  are  of l i m i t e d  u t i l i t y  i n  a n a l y t i c a l  comparisons 
o f  o r b i t  de termina t ion  s o l u t i o n  r e s u l t s ,  because the  dynamic res idua l  e d i t i n g  
process e l im ina tes  the most d iscrepant  data f rom the  s t a t i s t i c s .  Considera- 
t i o n s  o f  such measures i n  References 6, 7, and 8 support the  conclusions 

presented i n  t h i s  paper b u t  a re  no t  discussed here. 

3. RESULTS AND DISCUSSION 

The spacecra f t  arcs s tud ied  i n  t h i s  ana lys is  a re  descr ibed i n  Sect ion 3.1. 
The r e s u l t s  o f  the  Landsat-5 study are  presented i n  Sect ion 3.2, and the 

r e s u l t s  o f  t he  ERBS s tud ies  w i t h  f u l l  data and w i t h  da ta  d i s t r i b u t i o n  

subsets a r e  g iven i n  Sect ions 3.3 and 3.4, r e s p e c t i v e l y .  
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3.1 SPACECRAFT ARCS STUDIED 

SEMIMAJOR PERIGEE 

(kilometers) 
ECCENTRICITY "CLINATloN HEIGHT 

(degrees) (kilometers) 
SPACECRAFT AXIS 

ERBS 698 1 0.000275 57.00 598 

LANDSAT-5 7078 0.000105 97.98 687 

TDRS-E 42,166 0.000222 0.98 35,779 

The TDRSS user spacecraf t  chosen f o r  t h i s  s tudy were ERBS and Landsat-5. 
The i r  o r b i t a l  c h a r a c t e r i s t i c s  and those o f  the  TDRS-E a re  shown i n  Table 2 .  

- 
2 
co 
P 
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(0 
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Three i n t e r v a l s  o f  approximately 1-week du ra t i on  were  se lected f o r  study. 
Table 3 de f ines  these t i m e  per iods and descr ibes t h a t  two-way t r a c k i n g  data 
used fo r  o r b i t  de termina t ion  i n  each per iod .  Landsat-5 was s tud ied  i n  o n l y  

AVERAGE NUMBER OF ACCEPTED 
OBSERVATIONS PER %-HOUR ARC 

TDW GSTDN 

AVERAGE NUMBER OF 
PASSESPERDAY 

TIMESPAN 
( G W  

SPACECRAFT 

TDRSS GSTDN RANGE DOPPLER RANGE DOPPLER 

16 JUNE 1986ATOh 

23JUNE1986AT10h 
12 AUGUST 1985 AT Oh 

19 AUGUST 1985 AT loh 
16 JUNE 1986ATOh 

LAN DS AT-5 TO 6.2 1.6 455 46 1 78 131 

ERBS TO 6.9 2.2 1046 1073 87 76 

6.3 2.2 909 906 82 100 
ERBS TO 

23 JUNE 1986 AT 10h 

11 JANUARY 1 ~ 7 ~ ~ 6  7.5 - 1203 1 I64 - - 
ERBS TO 

19 JANUARY 1987 AT 1 6  

Table 2. C h a r a c t e r i s t i c s  o f  TDRS-E and the  TDRSS U s e r  Spacecraf t  

- 
'IJ 
op 
9 
E? 

cb 

- *  

v) 

m 
0 In 

Table 3. Track ing Data Periods, Pass Frequency, and 
Data Acceptance S t a t i  s t i  cs 
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one o f  these i n t e r v a l s ,  and ERBS was s tud ied i n  a l l  th ree .  The pass counts 
g iven i n  Table 3 i nc lude  every pass t h a t  was no t  complete ly  f lagged as i n -  

v a l i d  a t  the  t r a c k i n g  s t a t i o n .  The observat ion counts i n c l u d e  o n l y  the  
measurements s u r v i v i n g  the  d i f f e r e n t i a l  c o r r e c t i o n  (DC) dynamic res idua l  

e d i t i n g  i n  the  base l ine  DCs us ing  GEM-9 (21 x 21) f o r  t he  user spacecraf t .  

The s tud ies  a r e  r e f e r r e d  t o  by the  acronyms LAND86, ERBS85, ERBS86, and 
ERBS87, i n  the  o rde r  g iven i n  Table 3. 

I I I I I I I I 

3.2 LANDSAT-5 RESULTS 

Three s e r i e s  o f  o r b i t  determinat ions were  performed i n  the  LAND86 study. 
The geopoten t ia l  models app l i ed  t o  the  user spacecraf t  were  the  GEM-9 
(21  x 21) and GEM-1OB (36 x 36) models. So lu t ions  f o r  the  l a t t e r  model w e r e  

obta ined us ing  TDRS-E o r b i t s  pregenerated w i t h  the  GEM-9 (8  x 8) model and 
a l s o  w i t h  the  GEM-L2A (8 x 8) model. F igure  1 g ives a p l o t  o f  the  over lap  

I KEY I 

F igure  1. Maximum Overlap Compari sons for Landsat-5 
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comparisons as a f u n c t i o n  of the  day i n  which the  10-hour over lap  p e r i o d  
occurs.  Table 4 l i s t s  the  respec t ive  means and standard dev ia t i ons  o f  these 
c o l l e c t i o n s  o f  s i x  comparisons f o r  a l l  s e r i e s .  For LAND86, the  improvement 
i n  the  mean over lap  comparison from us ing the  GEM-1OB geopoten t ia l  model for  
Landsat-5 o r b i t  de termina t ion  i s  7.2 9.5 m e t e r s  (mean and standard devia- 

t i o n  i n  the  mean o f  t he  d i f f e rences  between corresponding over lap  compari- 
sons). The d i f f e rences  between the  user r e s u l t s  obta ined w i t h  the  two 
d i f f e r e n t  r e l a y  geopoten t ia l  models a re  no t  s i g n i f i c a n t .  

STUDY 
NAME 

Table 4 .  S t a t i s t i c a l  Summary o f  Over lap Comparisons 
f o r  S e r i e s  Using A1 1 Avai l a b l e  Data 

NUMBER OF MEAN STANDARD 
RELAY COMPARISONS (METERS) USER 

(METERS) 

GEOPOTENTIAL MODELS I MAXIMUM OVERLAP COMPARISONS I 

LAND86 

ERBS85 

ERBS86 

ERBS87 

GEM-9 (21 X 21) GEM-9 (8 x 8) 6 
GEM-1OB (36 x 36) GEM-9 (8 x 8) 6 
GEM-1OB (36 x 36) GEM-L2A (8 X 8) 6 

GEM-9 (21 x 21) GEM-9 (8 x 8) 6 
GEM-1OB (36 x 36) GEM-9 (8 x 8) 6 
GEM-1OB (36 x 36) GEM-L2A (8 X 8) 6 

GEM-9 (21 X 21) GEM-9 (8 x 8) 6 
GEM-1OB (36 x 36) GEM-9 (8 X 8) 6 
GEM-108 (36 x 36) GEM-L2A (8 x 8) 6 

GEM-9 (21 X 21) GEM-9 (8 x 8) 6 
GEM-1OB (36 x 36) GEM-L2A (8 x 8) 6 
PGS-3117 (36 x 36) GEM-L2A (8 x 8) 6 
PGS-3117 (36 x 36) GEM-9 (8 X 8) 6 
GEM-9 (21 x 21) GEM-9 (8 x 8) 7 
PGS-3117 (36 x 36) GEM-9 (8 x 8) 7 

56.35 
49.17 
47.51 

21.24 
26.60 
27.00 

33.33 
24.20 
23.79 

47.82 
29.34 
25.20 
24.62 
46.77 
22.64 

19.29 
24.17 
22.08 

10.30 
10.67 
1 1.67 

12.75 
1 1.62 
12.06 

6.13 
10.62 
8.26 
8.57 
6.23 
8.72 
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3.3 ERBS RESULTS WITH FULL DATA 

For t h e  ERBS85 and ERBS86 s t u d i e s ,  t h e  combinat ions o f  use r  and r e l a y  geo- 
p o t e n t i a l  models f o r  which s e r i e s  o f  s o l u t i o n s  were o b t a i n e d  were t h e  same 
as i n  t h e  LAND86 study.  The o v e r l a p  comparisons f r o m  these  s e r i e s  a r e  

p l o t t e d  i n  F i g u r e  2.  The summary s t a t i s t i c s  o f  t h e  o v e r l a p  comparisons f rom 
each o f  these  s e r i e s  a r e  g i v e n  i n  Table 4. The average improvements i n  over-  
l a p  comparisons f r o m  u s i n g  t h e  GEM-1OB (36 x 36) model i n s t e a d  o f  t h e  GEM-9 

(21 x 21) model a r e  9.1 9.1 m e t e r s  f o r  ERBS86 and -5.4 5 7.7 m e t e r s  f o r  
ERBS85. 

I KEY 1 
O GEM - 9 (21 x 21) 

GEM - 9 (8 x 8) 

H GEM - 1OB (36 x 36) 
GEM-9(8x8) 

A GEM - 106 (36 x 36) 
GEM - L2A (8 x 8) 

12 13 14 15 16 17 18 19 20 16 17 18 19 20 21 22 23 24 
DAY (AUGUST 1985) DAY (JUNE 1986) 

F i g u r e  2.  Maximum Over lap Comparisons f o r  ERBS: ERBS85 
and ERBS86 S tud ies  
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The combinations o f  user and r e l a y  geopotent ia l  models f o r  which the  ERBS87 
o r b i t  de termina t ion  s e r i e s  w e r e  performed were g iven i n  Table 4 along w i t h  

the  over lap  comparison summary s t a t i s t i c s  f o r  t he  f i r s t  7 days o f  each 

x 21) 

TDRS-E 

50 - 

40 - 

30 - 

20 - 

10 - 

s e r i e s  and f o r  the  f u l l  8 days where app l icab le .  Only the  GEM-9 (21 

employ the  GEM-9 (8 x 8) and the  PGS-3117 (36 x 36) user s e r i e s  t h a t  
o r b i t s  were  c a r r i e d  o u t  f o r  8 days. 

sons f o r  these s e r i e s .  F igure  3 shows a p l o t  o f  t he  over lap  compar he d i f -  
ferences between over lap  comparisons obta ined w i t h  d i f f e r e n t  TDRS-E geo- 
p o t e n t i a l  models i s  again i n s i g n i f i c a n t .  The average ga in  i n  consis tency 

I KEY I 
GEM-9 (21 x 21) 0 GEM-9 (8 x 8) - ---- 

-------- GEM-106 (36 x 36) 

PGS3117 (36 X 36) 0 GEM-L2A (8 x 8) 

60 -I 

o !  I I I I I I , *  
11 12 13 14 15 16 17 i a  

DAY (JANUARY 1987) 

Figure  3. Maximum Overlap Comparisons f o r  ERBS87 
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r e l a t i v e  t o  GEM-9 (21 x 21) i s  18.5 7.1 m e t e r s  f o r  GEM-1OB (36 x 36) and 

22.6 5.4 meters f o r  PGS-3117 (36 x 36) [ b o t h  c a l c u l a t e d  u s i n g  s i x  ove r laps  

and t h e  GEM-L2A ( 8  x 8) model f o r  t h e  TDRS-E o r b i t s ] .  

The improvements i n  c o n s i s t e n c y  ob ta ined  f rom u s i n g  t h e  l a r g e r  p o t e n t i a l  

models i n  t h e  ERBS87 s tudy  i s  more pronounced than  i n  t h e  o t h e r  s t u d i e s .  The 
d i f f e r e n c e ,  i f  i t  i s  f a i r  t o  compare r e s u l t s  f r o m  d i f f e r e n t  yea rs ,  comes f rom 

degraded c o n s i s t e n c y  o f  t h e  GEM-9 (21 x 21) o r b i t s  (47.8 meters average) 

r e l a t i v e  t o  t h e  ERBS85 and ERBS86 s t u d i e s  (27.3 meters average),  r a t h e r  than  

f rom improved c o n s i s t e n c y  o f  t h e  o r b i t s  o b t a i n e d  w i t h  t h e  36-by-36 models. 

The d e g r a d a t i o n  i s  r a t h e r  c o n s i s t e n t  t h roughou t  t h e  ERBS87 week, which sug- 
g e s t s  t h a t  i t  i s  n o t  a random v a r i a t i o n .  A l i k e l y  e x p l a n a t i o n  i s  t h a t  t h e  
e x c l u s i o n  o f  GSTDN d a t a  i n  t h e  ERBS87 s o l u t i o n s  degrades t h e  c o n s i s t e n c y  o f  

GEM-9 (21 x 21) o r b i t  s o l u t i o n s  more than  i t  does t h e  c o n s i s t e n c y  o f  t h e  

PGS-3117 (36 x 36) and GEM-1OB (36 x 36) s o l u t i o n s .  

3.4 ERBS RESULTS WITH DATA D ISTRIBUTION SUBSETS 

The GEM-9 (21 x 21) and PGS-3117 (36 x 36) s t u d i e s  o f  ERBS87 w e r e  repeated 

w i t h  two o t h e r  d a t a  d i s t r i b u t i o n s  c o n s i s t i n g  o f  subsets o f  t h e  a v a i l a b l e  
two-way TDRSS t r a c k i n g  da ta .  For these a d d i t i o n a l  s t u d i e s ,  t h e  TDRS-E o r b i t s  

were e s t i m a t e d  w i t h  t h e  GEM-9 ( 8  x 8) model. The f u l l  d a t a  d i s t r i b u t i o n ,  
c a l l e d  d d l ,  i s  desc r ibed  i n  Table 3. Data d i s t r i b u t i o n  dd2, n o m i n a l l y  a 

four-pass-per-day t r a c k i n g  schedule, was o b t a i n e d  by  d e l e t i n g  a p p r o x i m a t e l y  
eve ry  o t h e r  whole pass. 
eve ry  i n d i v i d u a l  t r a c k i n g  pass i n  d d l  t o  e x a c t l y  5 minutes o f  v a l i d  d a t a  

( f rom an average of  20 m inu tes ) .  The dd2 da ta  d i s t r i b u t i o n  c o n s i s t e d  o f  
3.7 passes p e r  day, and t h e  DC e d i t i n g  accepted an average o f  579 range and 
539 Doppler  o b s e r v a t i o n s  p e r  34-hour a r c .  The dd3 d a t a  d i s t r i b u t i o n  con- 

s i s t e d  o f  7 .5  passes p e r  day, and t h e  DC e d i t i n g  accepted an average o f  

314 range and 315 Doppler  obse rva t i ons  pe r  34-hour a r c .  

Data d i s t r i b u t i o n  dd3 was o b t a i n e d  by  s h o r t e n i n g  
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The o v e r l a p  comparisons r e s u l t i n g  f rom t h e  s i x  s e r i e s  u s i n g  each o f  t h r e e  
d a t a  d i s t r i b u t i o n s  w i t h  each o f  two g e o p o t e n t i a l  models a r e  p l o t t e d  i n  F ig -  
u r e  4 and s t a t i s t i c a l l y  summarized i n  Table 5. A s  expected f rom t h e  p r e v i -  
o u s l y  d e s c r i b e d  ERBS87 r e s u l t s ,  t h e  cons is tency  o b t a i n e d  w i t h  t h e  PGS-3117 
(36 x 36) model i s  b e t t e r  f o r  a l l  these d a t a  d i s t r i b u t i o n s  than  t h a t  o b t a i n e d  
w i t h  t h e  GEM-9 (21 x 21) model. Furthermore, c o n s i s t e n c y  i s  more s e r i o u s l y  

degraded by  r e s t r i c t i n g  t h e  t r a c k i n g  d a t a  coverage w i t h  GEM-9 (21 x 21) than  
w i t h  PGS-3117 (36 x 36). 

T h i r t y - f o u r - h o u r  d e f i n i t i v e  p a r a l l e l  comparisons were performed between t h e  

ephemerides f o r  co r respond ing  a rcs  w i t h  d i f f e r e n t  d a t a  d i s t r i b u t i o n s .  Such 
comparisons q u a n t i f y  t h e  s e n s i t i v i t y  o f  o r b i t  d e t e r m i n a t i o n  r e s u l t s  t o  d a t a  
s e l e c t i o n  v a r i a t i o n .  Both t h e  dd2 and dd3 d a t a  d i s t r i b u t i o n s  w e r e  compared 
w i t h  t h e  d d l  d i s t r i b u t i o n .  The maximum p o s i t i o n  d i f f e r e n c e s  f rom these 
p a r a l l e l  comparisons a r e  p l o t t e d  i n  F i g u r e  5 and a r e  s t a t i s t i c a l l y  summarized 

i n  Table 6. 
model a r e  markedly  more s e n s i t i v e  t o  t h e  d i f f e r e n c e  between d d l  and dd2 d a t a  
s e l e c t i o n s  than  those determined w i t h  t h e  PGS-3117 (36 x 36) model. The 
r e s u l t s  f o r  d a t a  d i s t r i b u t i o n  dd3 do n o t  s t r o n g l y  d i f f e r e n t i a t e  between t h e  
two g e o p o t e n t i a l  models used. 

On 4 o f  t h e  8 days, o r b i t s  determined w i t h  t h e  GEM-9 (21 x 21) 

4 .  CONCLUSIONS 

The 36-by-36 Goddard g e o p o t e n t i a l  models produced g e n e r a l l y  b e t t e r  o r b i t  
d e t e r m i n a t i o n  c o n s i s t e n c y  f o r  t h e  user  s p a c e c r a f t  t han  d i d  t h e  GEM-9 

(21  x 21) model i n  t h r e e  o u t  o f  f o u r  s t u d i e s .  For t h e  GEM-1OB (36 x 36) 
model, t h e  average g a i n  i n  cons is tency  f o r  18 ERBS o v e r l a p  comparisons i n  
t h r e e  s t u d i e s  was 7.4 2 5.0 m e t e r s ,  r e s u l t i n g  i n  an average c o n s i s t e n c y  o f  

26.7 meters.  The average g a i n  i n  cons is tency  f o r  t h e  one Landsat-5 s t u d y  
was 7.2 k 9.5 meters,  r e s u l t i n g  i n  an average c o n s i s t e n c y  o f  49.2 m e t e r s .  

The PGS-3117 (36 x 36) model, i n  t h e  one ERBS s tudy  i n  which i t  was used, 

improved t h e  cons is tency  by  an average o f  22.6 5.4 meters,  t o  t h e  26-meter 
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- GEM-9 (21 X 21) 
for uwr 

0 ddl 
0 dd2 

A dd3 

P dd2 

--- PGS-3117 (36 X 36) 
for user 

+ ddl 

0 dd2 
X dd3 

1 1  12 1 3  14 15 16 17 18 

DAY (JANUARY 1987) 

DATA 

F igure 4.  Maximum Overlap Comparisons for ERBS87 
With Var iab le  Data D i s t r i b u t i o n s  

OVERLAP COMPARISON: MAXIMUM 
POSITION DIFFERENCE [meters) 

Table 5. Summary S t a t i s t i c s  for ERBS87 Overlap Compari sons 
With Var iab le  Data D i s t r i b u t i o n s  

ddl 

dd2 

dd3 

dd 1 

dd2 

dd3 

G EOPOTENTIAL 
MODEL 

GEM-9 (21 X 21) 

GEM-9 (21 X 21) 

GEM-9 (21 X 21) 

PGS-3117 (36 X 36) 

PGS-3117 (36 X 36) 

PGS-3117 (36 X 36) 

46.77 

58.76 

58.29 

22.64 

26.94 

26.42 

DISTRIBUTION I MEAN 
STANDARD 
DEVIATION 

6.23 

24.24 

13.77 

8.72 

8.1 1 

14.41 

56.90 

102.68 

80.68 

36.20 

35.89 

53.55 

39.78 

34.75 

40.1 1 

10.77 

9.82 

13.05 
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KEY 

- GEM-9 (21 x 21) for user 

----- PGS-3117 (36 x 36) for user 

0 dd2 versus ddl 
0 dd3versusddl 

GEOPOTENTIAL 
MODEL 

loo 1 

PARALLEL COMPARISON MAXIMUM 
DATA POSITION DIFFERENCE (meters) 

DISTRIBUTIONS 
COMPARED MINIMUM STANDARD I DEVIATION I 

i 

GEM-9 (21 X 21) 

PGS-3117 (36 x 36) 

GEM-9 (21 X 21) 

PGS-3117 (36 X 36) 

80 

60 

40 

20 

0 

ddl VERSUS dd2 35.88 25.06 84.1 1 9.78 

ddl VERSUS dd3 15.84 7.83 28.34 4.81 

ddl VERSUS dd2 15.95 6.02 23.96 7.45 

ddl VERSUS dd3 11.53 8.35 27.06 1.87 

10 1 1  12 13 14 15 16 17 18 

DAY (JANUARY 1987) 

Figure 5. Para1 l e 1  Comparisons Between ERBS87 So lu t ions  
With D i f f e r e n t  Data D i s t r i b u t i o n s  

Table 6. Summary S t a t i s t i c s  f o r  P a r a l l e l  Comparisons Between ERBS87 
So lu t ions  Hi  t h  D i f f e r e n t  Data D i s t r i b u t i o n s  

610 



l e v e l ,  p e r f o r m i n g  s l i g h t l y  b e t t e r  t han  t h e  GEM-1OB (36 x 36) model (by  
4.1 4.5 meters i n  t h e  average o v e r l a p  comparison). There i s ,  however, no 
c l e a r  i n d i c a t i o n  o f  s u p e r i o r i t y  o f  e i t h e r  o f  t h e  36-by-36 models s t u d i e d  
o v e r  t h e  o t h e r .  

The o v e r a l l  average improvement i n  o v e r l a p  comparison cons is tency ,  which i s  
7 .4  ~f: 4.3 meters,  can be considered s i g n i f i c a n t .  The ERBS87 s tudy  i s  t h e  
o n l y  one o f  t h e  f o u r  i n  which t h e  decrease i n  o v e r l a p  comparisons, f rom 
GEM-9 (21 x 21) r e s u l t s  t o  GEM-1OB (36 x 36) o r  PGS-3117 (36 x 36) r e s u l t s ,  
i s  c o n s i s t e n t  across t h e  p e r i o d  o f  s tudy.  The r e s u l t s  o f  t h e  ERBS87 s t u d y  
a l o n e  demonstrate t h a t ,  i f  i t  i s  r e q u i r e d  t o  ach ieve  and m a i n t a i n  o r b i t  
d e t e r m i n a t i o n  c o n s i s t e n c y  b e t t e r  than 40 meters,  GEM-9 (21  x 21) must be 
improved upon and t h a t  GEM-1OB (36 x 36) and/or  PGS-3117 (36 x 36) can 

s u p p o r t  such requ i remen ts .  

The s u p e r i o r i t y  o f  t h e  36-by-36 g r a v i t y  models becomes more e v i d e n t  as t h e  
d a t a  complement becomes more r e s t r i c t e d .  The exper iments w i t h  d a t a  d i s t r ' r b -  
u t i o n  show t h a t  t h e  o v e r a l l  c o n s i s t e n c y  o b t a i n e d  w i t h  t h e  PGS-3117 (36 x 36) 
model degrades l e s s  r a p i d l y  w i t h  t r a c k i n g  coverage than  does t h a t  o b t a i n e d  
w i t h  t h e  GEM-9 (21 x 21) model. Furthermore, i t  i s  a reasonable c o n j e c t u r e  
t h a t  t h e  decrease i n  c o n s i s t e n c y  o f  GEM-9 (21 x 21) s o l u t i o n s  i n  t h e  ERBS87 
s t u d y  r e l a t i v e  t o  t h e  ERBS85 and ERBS86 s t u d i e s ,  which l eaves  t h e  o t h e r  
g r a v i t y  models c l e a r l y  s u p e r i o r ,  i s  due t o  t h e  e x c l u s i o n  o f  GSTDN da ta .  

an e f f e c t i v e  means 
n a t i o n .  The super 

x 21) model, shown 

V a r y i n g  t h e  t r a c k i n g  coverage appears t o  be 
g r a v i t y  models f o r  o p e r a t i o n a l  o r b i t  determ 

PGS-3117 (36 x 36) model ove r  t h e  GEM-9 (21 

o f  e v a l u a t i n g  
o r i t y  of t h e  
i n  t h e  

o v e r l a p  comparisons i n  t h e  ERBS87 s tudy  ( w i t h  f u l l  da ta ) ,  i s  s t r o n g l y  

con f i rmed  by  t h e  s u p e r i o r  c o n s i s t e n c y  t h a t  was observed w i t h  r e s p e c t  t o  
d e l e t i o n  o f  t r a c k i n g  passes. T h i s  technique may a l s o  p rove  u s e f u l  f o r  
comparat ive e v a l u a t i o n  o f  o t h e r  v a r i a t i o n s  i n  o r b i t  d e t e r m i n a t i o n  techniques.  
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